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ABSTRACT

Several forest cutting prescriptions have been employed,

particularly in the western United States, to alter snowpack

distribution patterns to meet specific goals. One underlying factor

that served as input to most of these projects was an understanding

of the forest-terrain-snow interrelationships. The initial studies

that led to the understanding of these physical processes came not

through "trial and error" cutting prescriptions, but from observa-

tions made under natural forest conditions.

To learn more about the forest-terrain-snow relationships

of the mixed-conifer forests in Arizona, snowpack measurements were

made on 93 plots for 6 different dates during the winter of

1973-1974. Subjecting these data to regression techniques, two sets

of equations were developed representing the accumulation and melt

periods and storage-duration index. These included equations

containing only those variables obtained from a multiple use timber

inventory and equations containing significant variables at an

a = 0.1 level representing insolation, timber, elevation and

exposure.

Knowledge of these relationships could serve as input to a

land manager's decision concerning the alteration of snowpack

distribution to meet desired objectives.

viii



INTRODUCTION

Wherever forests or vegetation are found, the principle
of shelter dominates all others. The forests anchor the
snow when it falls and protect it against erosion after it
has fallen. The forests also protect the snow from being
evaporated and melted by sun and wind. In brief, the
forests are a windbreak as well as a shelter from the sun.
However, a forest may be too dense to permit a maximum
quantity of falling snow to reach the ground, or it may
be too sparse to afford an effectual shelter against either
wind or sun. In like manner, certain mountain slopes may
afford better shelter from wind and sun than other slopes;
and where the prevailing wind is from the southwest both
of these qualities may be combined in a single slope (Church
1912, p. 153).

In one paragraph Church sums up many forest-terrain-snow

interactions that, over 60 years later, escape a thorough under-

standing by man. Much of this lack of knowledge is attributed to

the difficulty in studying these processes. Church speaks of an

entire forest acting as a shelter or windbreak or of being too dense

or too sparse. But to fully understand the causes and effects on snow

distribution, the forest must be analyzed on a smaller scale. The

problem of isolating the multiple effects of a forest begins with the

individual tree. Anderson (1969) characterizes a tree as being an

insulator, dampening temperature fluctuations; a fence that redistrib-

utes snow; an umbrella that intercepts snow; and a radiator that

receivea and disposes of energy. To study only individual trees

would not truly represent forest-terrain-snow interactions. But cause-

and-effect processes of these interactions must be studied to

understand accumulation and melt characteristics of snowpacks within

1
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the forest (Love and Goodell 1960). Knowing how snow accumulates

and melts in natural forest openings and within forest stands is one

of the first steps in managing snowpacks for water (Anderson, Rice and

West 1958).

A better technique to assess the processes operating within

a forest is on a plot or site basis (Anderson 1967b). The principles

acting at each plot are the criteria to aid in the development of a

management plan for an entire forest (Packer 1971). At each plot

variables must be evaluated in terms of their effect on snowpack

accumulation and melt. Elevation, aspect and vegetation are the most

fundamental variables (Love and Goodell 1960, Packer 1960) with others

developed from these. The identification of natural forest sites

possessing desired snowpack distribution in terms of the site

variables is a necessity. If, for example, maximum runoff is desired,

the plot with the greatest peak snowpack water equivalent might possess

similar site variables.

At the present time physiographic features such as elevation,

slope and aspect are not readily accessible to management alterations.

The only variables that the watershed manager has at his disposal to

manipulate are vegetation related. Many studies conducted in a

variety of forest types show the effects of timber cutting on snow

melt and accumulation and the ultimate response of runoff. The

results have demonstrated that alterations can be made in snowpack

distribution through vegetative manipulation. However, a major
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problem is that large scale changes in forest density and patterns do

not always maintain the exact effects on snowpack accumulation and

melt patterns (Anderson and West 1965).

The management of forests for snowpack water is becoming

increasingly important, whether for the purpose of increasing or

decreasing water yields or to advance or retard the timing of runoff.

Not only is there a different management plan to achieve each of

the above goals, but also a different technique depending on the

vegetation, terrain and climate. For example, because of the well

developed reservoir system in Arizona, management toward rapid snow

melt to add to the early spring runoff and reduce conveyance losses

by having water run on top of water has been suggested (Hoover 1960).

Although the end result may be different, underlying each management

plan is a basic common denominator, a thorough understanding of the

accumulation and snow melt patterns of forest areas (Anderson 1959).

In Arizona, where precipitation is low and water losses

through evaporation and transpiration are high, water is at a premium

(Barr et al. 1956, pp. 33-53). Forest manipulation to increase

snowpack water yield has been studied almost exclusively in the

ponderosa pine zone, which occupies 92 percent of the forested area

of the state. The remainder of the forest land is mixed-conifer,

and together the two forest areas comprise 28 percent of the area of

Arizona and supply much of the surface runoff (Spencer 1966). The

mixed-conifer forests have been little studied in terms of water yield
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improvement because of their small areal extent. But this area

receives 10 to 20 inches annual precipitation more than the ponderosa

pine (Spencer 1966), therefore, an element of mystique exists

concerning the potential water yields.

In other parts of the United States in mixed-conifer forests

studies have been conducted concerning the implementation of cutting

practices to alter snowpack accumulation and melt. In Colorado,

significant increases in snowpack accumulation were realized after

clearcut treatments were applied on 2-acre plots. The melt rates

in the open areas were increased, but still the cut and uncut plots

were bare of snow at approximately the same time (Berndt 1961). In

Oregon, six 2-chain wide strips 15 chains long were cut in a

mountain hemlock-true fir forest. At peak accumulation, the treated

areas had 35 percent greater water equivalent than the untreated

(Rothacher 1965). Results like these and others concerning snowpack

alterations in mixed-conifer forests show that accumulation and melt

characteristics can be manipulated.

If water remains a critical commodity in Arizona's unchal-

lenged growth, the high snowfall, mixed-conifer forests may have to

be intensively managed for increased water yields. The knowledge of

designing a forest to suit specific needs does not come through

implementing a plan to an entire watershed and waiting long periods of

time for results, but rather through assessing the processes working

at each forest site in terms of the site variables (Anderson 1967b).



The study described herein was conducted in natural forest

conditions on an individual plot basis to aid in understanding and

characterizing the forest, terrain and snow interrelationships in

Arizona mixed-conifer forests. Although based on one year of data,

the relationships between the site variables may give insight into

the important processes affecting snow accumulation and melt. This

understanding is the first step to prescribing management practices

to increase water yields.

5



DESCRIPTION OF THE STUDY

Anderson (1967b) clearly presented the need for "plot studies"

as a first step to managing forests for snowpack water yield. Knowing

how snow accumulates and melts under certain natural forest conditions

is preliminary to assessing snow distribution on a large scale, such

as a watershed. Such studies are highly empirical and often based

on limited data, but nonetheless, are necessary to understanding the

forest, terrain and snow interactions. This knowledge is the criteria

upon which land management techniques are predicated.

Because of the small areal extent of the mixed-conifer forest

in Arizona, plot studies dealing with snow accumulation and melt

patterns have been of a very restricted nature. The significance of

the snow melt runoff produced from the mixed-conifer on a statewide

basis is not clearly known. Thus, basic questions concerning snowpack

water yields in the mixed-conifer need to be answered. Upon examination

of the variables involved, how would forest management for snowpack

water yield be conducted and more importantly how valuable is the

contribution of winter runoff from the mixed-conifer forests of

Arizona? The following objectives were designed to offer some

preliminary analyses to answering these questions.
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Objectives 

1. Obtain basic descriptive information of snowpack in mixed-

conifer forests of Arizona, i.e., depths, volumes, densities,

rate of accumulation and rate of ablation.

2. Develop empirical relationships between snowpack character-

istics and inventory prediction variables, i.e., forest

overstory densities and special variations, slope, aspect, etc.

3. If appropriate, suggest land management practices that may be

developed to improve water supply picture from this area.

Study Area 

Location and Physiography

In Arizona, the mixed-conifer forests are concentrated in two

areas. The smaller of the two areas is located in the San Francisco

Mountains, northwest of Flagstaff on the Coconino National Forest.

The largest area is in the White Mountains in the eastern part of the

state (Spencer 1966).

Three considerations went into the determination of the study

site. The first was the ease of assessability during the winter; the

second, the location of the site with respect to other studies being

conducted within the department; lastly, since this was a cooperative

study with the USDA Forest Service, the degree to which their installa-

tions and pre-existing data could be utilized to facilitate the study.

Upon weighing these factors, the North Fork of the Thomas Creek

watershed on the Apache National Forest in the White Mountains was

chosen as the study area.
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The Thomas Creek watersheds, both North and South Forks, are

part of the Black River Ranger District located in the eastern

extremity of the White Mountains. Nineteen miles to the north is

Alpine, Arizona, the closest town to the study area. Ten miles to

the east is the New Mexico state border. The exact location of the

North Fork of Thomas Creek is latitude 34 °42' north and longitude
10917' west (Figure 1). The Thomas Creek watersheds are part of the

larger Black River Barometer watershed which encompasses many

experimental watersheds (Leven and Stender 1967).

The drainage of the North Fork of Thomas Creek flows from

southwest to northeast into the Beaver Creek and eventually into the

Black River. The Black River is the major contributor to the Salt

River, which is an integral part to the reservoir system that provides

water to Phoenix, Arizona (Barr et al. 1956, p. 2).

The 474 acres which comprise the Watershed provide a variety of

slopes and aspects for the 93 study sites. The shape of the watershed

is elliptical and tilted from the southwest, where it attains a

maximum elevation of 9,150 feet to the northeast where the minimum

elevation is 8,400 feet. The mean elevation is 8,810 feet. The

lower and middle portions of the Watershed are quite steep, with over

46 percent of the watershed containing slopes of 30 percent or greater.

In comparison, the upper portion is quite level, as can be seen in the

profiles (Figure 2).
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Figure 1. Location of North Fork of Thomas Creek in the White
Mountains of Arizona.
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Timber

The North Fork of Thomas Creek is a typical Arizona mixed-

conifer forest consisting of eight tree species, seven coniferous and

one deciduous. The seven coniferous species are Douglas-fir

(Pseudotsuga menziesii), ponderosa pine (Pinus ponderosa),  white fir

(Abies concolor), Engelmann spruce (Picea engelmannii), southwestern

white pine (Pinus strobiformis), blue spruce (Picea pungens),and

corkbark fir (Abies lasiocarpa var. arizonica). The deciduous specie

is quaking aspen (Populus tremloides). The fact that the timber on

this watershed has never been cut is consistent with much of the mixed-

conifer forests of the state (Embry and Gottfried 1971).

The distribution of these timber species can be separated into

three locations on the watershed. Ponderosa pine, which contributes

37 square feet of basal area per acre (BA) of trees greater than or

equal to 7.0 inches diameter, is the primary species found on the

south-facing slope. The flatter upper portion of the watershed is the

location of most of the aspen, which has a BA of 10 square feet while

the north-facing slope is comprised of the six remaining mixed-conifer

species with white fir, BA of 22 square feet, and Douglas-fir, BA of

33 square feet, the two primary species. Taken collectively, the eight

species with stems greater than or equal to 7.0 inches in diameter at

breast height (DBH), have a BA of 105 square feet. The BA of all size

classes of the entire forest is 170 square feet. A further reduction

is not absolutely necessary for purposes of this study.
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Climate

The winter season is dominated by frontal storms out of the

Southwest. The 1973-74 winter precipitation was below normal with a

major portion occurring in January (Figure 3). Precipitation

measurements were recorded on an adjacent watershed, but at the same

elevation and only a few hundred feet from the North Fork of Thomas

Creek. The instrument used was a recording snow gage with an 8-inch

snow can for backup purposes.

As is customary in Arizona, the winter temperature fluctua-

tions were extreme, causing much melting and freezing of the snowpack

throughout the entire winter. For the 1973-74 winter season, the

January mean minimum and maximum temperatures were 12°F and 45 °F;
February 12°F and 47 °F; March 22 °F and 57 °F; and April 17 °F and 55°F.
These temperature measurements were taken on the study area with a

hygrothermograph, a recording temperature and humidity instrument

(Fischer and Hardy 1972).

Field Procedures 

In partial fulfillment of objectives 1 and 2, certain field

data were collected. Objective 1 pertains to the characterization of

the snowpack, i.e., depth, volume, etc. Objective 2 deals with

describing each forest plot in terms of inventory-prediction variables,

i.e., forest overstory vegetation, slope and aspect, etc. The

variables involved in the second objective were subject to many

techniques of characterization with respect to their effect on snow
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Figure 3. Mass diagram of monthly precipitation for the 1973-74
winter season in relation to the 1966-72 winters.
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distribution. As many relationships as possible were examined, since

this was a preliminary study to define the forest-terrain-snow

relationships in Arizona mixed-conifer forests.

Sampling

The first step necessary to determining the variables involved

was the establishment of sampling areas. The boundary and sample

design for the North Fork of Thomas Creek were delineated and marked

by the Rocky Mountain Forest and Range Experiment Station (RMY and

RES). A systematic sample design (Shiue 1960), with four random

starts was replicated three times, A, B and C, to thoroughly represent

the entire watershed; this constituted 12 transects containing 119

sample plots (Figure 4). The decision was made to delete one transect

(4) from each replicate, i.e., A, B and C, to enable the snowpack

measurements to be completed in one day. Upon removal of the number

4 transect from each replicate, the sample design contained 9 transects

and 93 plots. Each plot consisted of a center stake at which the

timber, physiographic and snow data were measured. This sample design

was used throughout the entire study.

Snowpack Measurements

Two measurements were made in close proximity to the center

stake_at each plot to characterize the snowpack. First, a Federal

snow tube was inserted vertically until it reached the bottom of the

snowpack and the depth was read on the inch scale of the tube. Second,

the tube was removed retaining the snow core and placed on a spring
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scale. The scale was calibrated to give inches of water equivalent

contained in the snow core (Freeman 1965). By dividing the water

equivalent measurement by the depth measurement, a third snowpack

characteristic, snow density, was developed.

To aid in determining the effects of forest and terrain on

snowpack distribution, the winter season was divided into two periods,

as different variables predominate at different periods of the winter

(Anderson and Pagenhart 1957). The period up to and including peak

accumulation of the snowpack is the accumulation period, and from

that point on is considered the melt period. By no means is this

division a hard and fast rule as snowmelt and snowfall occur through-

out the entire winter, which is particularly true in Arizona where

extreme temperature variations, warm and cold, are prevalent throughout

the winter. For this study, the intent was to take snow measurements

to fully characterize the entire winter season. The peak snow

accumulation occurred very early, January 12, and only one measurement,

which happened to be incomplete, was taken prior to peak. The melt

period was much better represented, as five measurements were made

with the last occurring April 6. No attempt was made to measure the

quantity of snow that fell on an individual plot between measurement

dates. Therefore, a determination of snow accumulation and melt rates

could not be obtained.

Physiographic Measurements

To characterize the terrain variables, i.e., elevation, slope

and aspect, for each plot, three measurements were necessary. The
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slope was measured with an Abney level to the nearest five percent.

The aspect was recorded as one of the eight primary directions, i.e.,

north, northeast, east, etc.; information was supplied by the RMF and

RES. The slope and aspect were later combined into one index to be

used as an independent variable. The elevation was measured to the

nearest 25 feet at each plot and at the intersection of the transects

and the watershed boundary. The later measure was taken to better

describe the entire watershed. The former measurement was used as an

independent variable in the form and units it was measured.

Timber Measurements

The 93 plots to be used for snowpack measurement coincided with

sample points used previously for multiple-use timber inventory by

the RMF and RES. From the timber inventory data cards, the number of

stems of each tree species greater than or equal to 7.0 inches DBH

was recorded. Using that information in conjunction with the fact that

a 25 basal area factor was used in the inventory, the BA by species

and total BA were determined. Several measures of BA were examined

later for effects on the snowpack.

A second measure used to characterize the effect of timber on

snow distribution was canopy closure. Ffolliott and Hansen (1968)

used BA as an index of crown closure in Arizona ponderosa pine. The

fact that this study was in Arizona mixed-conifer, not ponderosa pine,

led to the decision to not necessarily accept a similar assumption.

Rather than optically estimating the crown closure, a photograph of
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each plot canopy was taken with a canopy camera, which was designed

for this purpose.

The camera consisted of a metal box for housing the film and

shutter assembly, a wide angle lens, a level bubble, and a shutter

release plunger (Brown 1962). The wide angle lens permitted pictures

to be taken of all objects above the horizon. The resulting photograph

was circular with the perimeter representing the horizon. Photographs

of this type can be used for determining relationships between canopy

closure and topography, precipitation and insolation interception, etc.

(Brown and Worley 1965). To facilitate in quantifying these relation-

ships, grids and other overlays were used.

At each center stake a photograph was taken to allow each

plot to be evaluated individually in terms of timber crown size and

position. The camera was positioned next to the center stake on each

plot, making sure the camera was horizontal with the use of the level

bubble. The camera was oriented in a known direction to enable the

establishment of north, east, south and west directions on the

photograph.

Analytic Procedures 

Regression techniques were used to describe the relationships

between the dependent and independent variables involved. Before

discussing the statistical methods used, an explanation of the

derivation of the variables is necessary.
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Description of Dependent Variables

Snowpack measurements were described in terms of water equiva-

lent (WEQ); this gives a better indication of the amount of water

present at each point than snowpack depth. The amount of WEQ present

at each plot was assumed to index the processes of precipitation and

distribution of snow, losses to interception, vaporization and snow-

pack ablation (Ffolliott and Thorud 1972). For purposes of analysis,

the winter season of 1973-74 was divided into the accumulation and

melt periods to determine the processes acting at different times of

the season. Two dependent variables were used for the analysis:

percent of maximum snowpack WEQ for a single date and the storage-

duration index encompassing the WEQ of three dates.

Percentage of Maximum Snowpack Water Equivalent. Percent of

the maximum WEQ was the variable used to represent the amount of

snowpack water equivalent present on the watershed for a specified

measurement date. Each measurement date had a maximum WEQ unique for

the snowpack present on that day. By presenting the snow present in

this form, a base was provided for evaluating the WEQ on each plot

independent of the annual precipitation (Ffolliott and Hansen 1968).

Storage-Duration Index. Several snowpack WEQ measurements

were combined regardless of whether they occurred during the accumula-

tion or melt period to form a storage-duration index. For 
this

study, the summation of WEQ for January 12 (peak), February 
16, and

March 2 formed the storage-duration index. These measurements

provided an estimate of initial snow storage and subsequent melt
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rates (Wilm 1948, Ffolliott and Thorud 1973). Such an index was not

necessarily to be used for predicting accumulation and melt rates, but

rather to identify particular sites yielding desired snowpack

characteristics. Large initial snow accumulation and slow melt rates

should theoretically yield a high index. Conversely, low initial

accumulation and high melt rates should yield a low index, providing

a technique to evaluate forest sites on a more seasonal basis.

Depending upon the aim of the land manager, i.e., increased runoff and

delayed melt, a storage-duration index can provide evidence for

developing the type of forest situation necessary to achieve his goal.

Description of Independent Variables

Solar Radiation. The energy transfer involving snowpacks is

very involved and an in-depth analysis of the subject is not essential

to this study. A simplified radiation balance is as follows (Frank and

Lee 1966):

S =J+H+G-R- A

where S is the net radiation balance.
J is the direct beam radiation gain.

H is the diffuse sky radiation gain.

G is the thermal atmospheric radiation.

R is the reflected radiation from the snowpack.

A is the thermal terrestrial radiation loss.

On a long term basis, averages of H, G, R and A are for the 
most part

self-cancelling, leaving the net radiation balance equal to 
the direct

beam solar radiation (insolation), which, according to 
Reifsnyder and

Lull (1965), is the ultimate source of energy 
for the components of

the snowpack energy balance.
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Previous studies have shown solar radiation to have a

significant effect, not only on the timing and quantity of snowmelt

(Garstka et al. 1958, Packer 1971), but also during the accumulation

phase (Haupt 1951, Packer 1962, Anderson 1963). For this reason, a

thorough examination of different methods of representing solar

radiation was conducted.

The expense and inconvenience of radiation detectors and

integrators, i.e., pyrheliometers and pyranometers, makes the

operational use of such devices limited. In the absence of such

instrumentation, a theoretical term, "potential solar beam radiation,"

may be used (Frank and Lee 1966). Although this term differs markedly

from the actual solar beam radiation, it provides an index to compare

energy differences among sites (Ffolliott 1970).

For each site, a potential solar beam radiation term was

assigned. Frank and Lee (1966) developed tables giving potential

radiation in gram calories cm
-2

, or Langleys (ly), for selected dates

for a given latitude of site, slope and aspect. There was no 
need

to determine the potential for each day between measurement 
dates, as

only an index representing radiation was required. Therefore, 
the

potential solar beam radiation for a date closest to the actual

measurement day was sufficient to be used as an index in the regression

analysis.

A second and more complex method of determining the 
effect of

direct solar beam radiation on snowpack distribution 
is called

"sunlight factor" (S) (Brown and Worley 1965). Many factors

neglected in the potential solar beam radiation 
method are encompassed
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in this technique. Vegetative cover, weather conditions, time of

year and time of day are all taken into account. The principle is to

determine the duration of sunlight on each plot.

Actual insolation data as opposed to potential insolation

were used for this study, an alteration to Brown and Worley's technique.

Insolation data for the winter season were obtained from two

pyrheliometers, located at Alpine, Arizona, and on the Castle Creek

watershed. Although the two measurement sites were 19 and 8 miles

from the North Fork of Thomas Creek, respectively, the use of the

data were justified because most of the winter storms were frontal

and encompassed a wide areal range. The actual insolation values

recorded with the pyrheliometer were reduced to two-hour intervals,

i.e., 800-1000 hours, 1000-1200 hours, etc. An illustration of the

technique is given in Table 1, Section 1. With the use of Fons, Bruce

and McMasters (1960) solar tables, a ratio for each 
plot for two-hour

intervals was developed (Table 1, Section 2):

potential insolation for a plot 
ratio - potential insolation for a level surface

The potential insolation for a plot is unique for given

latitude, date and site characteristics, i.e., slope and aspect, while

the potential for a level site is unique for each 
latitude and date.

The actual insolation value was multiplied by the ratio for the

corresponding two-hour period. The result was the actual solar

radiation received for a site of a given slope and aspect for a
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Table I

Development of Actual Solar Radiation Received
for a Given Slope and Aspect (I)

Date - January 12, 1974
Weather - sunny, clear
Plot - 4
Slope - 30
Aspect - Southeast

Section 1:
Actual insolation values measured on a level surface for

two-hour periods.

Hours Insolation
600- 800 5

800-1000 61

1000-1200 102

1200-1400 113

1400-1600 73

1600-1800 10

Section 2:

Potential insolation for plot 4 and for a level surface

used to develop the ratio.

Hours 
Potential insolation

for plot 4
Potential insolation

level surface Ratio

600- 800 18 7 2.57

800-1000 95 55 1.73

1000-1200 138 103 1.34

1200-1400 119 103 1.15

1400-1600 53 55 .96

1600-1800 5 7 .72

Section 3:
of actual insolation (I) for plot 4 from actual

on level surface and ratio.

Actual insolation	 Actual insolation

for level surface	 Ratio	 for plot 4 (I)

Development
insolation

Hours
600- 800 5 2.57 13

800-1000 61 1.73 106

1000-1200 102 1.34 137

1200-1400 113 1.15 129

1400-1600 73 .96	 _ 70

1600-1800 10 .72 7

NOTE: All insolation values are in Langleys.
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two-hour interval (I) (Table 1, Section 3). At this point the (I)

value is still free of any vegetative interception, and in this study

was actual insolation.

The Brown and Worley's technique was employed to determine

the duration of the sun's penetration through the vegetation. An

overlay tracing the sun's path for one day was constructed for index

dates closest to the measurement date (List 1968, p. 501). A large

dot was placed every two hours along the path, i.e., 800-1000 hours,

1000-1200 hours, etc. Eleven smaller dots were placed between each

of these dots, having a weight of one-twelfth. The overlay was placed

on top of the photograph so that the north, east, south and west

designations on each were aligned. The dots not touching the canopy

or trees were counted for each two-hour interval. The number of dots

in the open area was divided by 12 to give the percentage of canopy

open area (sunlight penetration) for each two-hour period (H)

(Table 2, Section 1). Upon combining these two factors, (I) and (H),

for the corresponding two-hour periods, the sunlight factor (S) 
was

determined (Table 2, Section 2). The (S) value represents the

average actual insolation received by each site for the 
two-hour

intervals. Each two-hour period of every day between the measurement

dates had a different (S); this was true of each plot. The 
(S)

values for each plot were summed between measurement 
dates and divided

by the number of days in that period (Table 3). 
By adding the average

(S) value for each two-hour period, i.e., 800-1000 
hours had 49 lys,



Table 2

Development of Percent Open Canopy (H)
and Sunlight Factor (S)

Section 1:
Development of percent open canopy (H) from dots on sun

path overlay.

Dots in
open areas

Percent
open

area (H)
600- 800 0/12 0
800-1000 0/12 0
1000-1200 6/12 50
1200-1400 6/12 50
1400-1600 1/12 8
1600-1800 5/12 42

Section 2:
Development of sunlight factor (S) from (I) and (H).

Percent
open

area (H)
Actual

insolation (I) Sunlight factor
600- 800 0 13 0
800-1000 0 106 0
1000-1200 .50 137 68
1200-1400 .50 129 65
1400-1600 .08 70 6
1600-1800 .42 7 3

NOTE: All insolation values are in Langleys.
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Table 3

Development of an Average Daily Insolation Index
for a Given Measurement Period

26

End of
period Jan. 12

Start of	 S for
6

_ 
Jan.period 600-800 hrs. 	24 lys. 	3 lys.

number of days in	 8 days -	 day
measurement period

End of
period

Start of	 S for
	period 800-1000 hrs.	

Jan. 6
392 lys. = 49 lys.

number of days in	 8 days	 day
measurement period

	1000-1200 hrs 	  = 119 lys.
day

	1200-1400 hrs 	  = 101 lys.
day

	1400-1600 hrs 	  = 52 lys.
day

	1600-1800 hrs 	  =	 6 lys.
day 

Average daily insolation for	 330 lys.
plot 4 for the Jan. 6 - Jan. 12	 day

measurement period

Jan. 12
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1000-1200 hours had 119 lys, etc., an average daily actual insolation

value that represents the measurement period was found to be 330

Langleys. Each plot had such an index for each measurement period.

A third and final analysis was performed, using the canopy

photographs to determine "south one-half canopy closure" or the

canopy closure in the south one-half of the plot. Canopy closure is

the percentage of the sky covered by the canopy as viewed from the

center of the plot. As previously stated, the canopy camera

photographs everything from the horizon upward, which can create

problems when trying to quantify the amount of vegetation actually

affecting processes acting on the plot. In an opening, the camera

photographs trees hundreds of feet away, which in many instances have

no bearing on the plot. For this reason, the portion of the photograph

that has a direct effect on the processes and interactions of the plot,

the "cone of interest," must be delineated (Garn 1969). To construct

the cone, an isosceles triangle was drawn with the apex at the center

of the plot and the two equal length legs extending upward beyond the

canopy. By rotating the triangle about a line through the apex and

zenith, the cone of interest was formed.

Depending upon the processes being quantified, the cones can

vary from slightly greater than zero degrees, i.e., a small overhead

area, to 180 degrees, the entire hemisphere. The angles assigned to the

cones are the angles between the equal length legs of the triangle.

Canopy photographs with various sizes of cones of interest have been

used to quantify many processes concerning snowpacks within forested
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areas. The cones of interest may also be expressed in terms of percent

overhead canopy. For example, a cone whose base covers the top 10

percent surrounding the zenith has been used to index interception of

precipitation (Clark 1961, Anderson 1967a). Various quadrants or

sections of the canopy have been used to index other processes within

the forest. The north one-half of the canopy has been used to index

back radiation (Anderson 1956, Clark 1961, Anderson 1967a). The

slowing or retarding of winter winds can be indexed by determining the

amount of vegetation in the pertinent quadrants of the photograph

(Anderson 1970).

As previously discussed, the importance of the direct solar

beam radiation dictated that several possible avenues of representation

be investigated. The third technique to index insolation was to

determine the amount of interception of the direct solar beam by

vegetation in the entire south one-half of the canopy within a given

cone of interest (Anderson 1956, 1963). A 64-dot-per-square-inch

overlay was used to determine the vegetation present (Brown and Worley

1965). The dots falling onto areas void of any vegetation were

counted. Dots that landed half on and off the vegetation were given

a value of one half.

The next step was to determine the size of the cone of

interest to represent the vegetation intercepting the direct solar

beam. Little explicit information was found concerning this matter

to justify the use of one size cone over another. Therefore, three

cones, 60-, 90-, and 180-degrees, were tried (Figure 5).
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Figure 5. Top and side view of "cones of interest" 60-, 90-, and 180-

degree used to determine canopy closure.
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As mentioned in the field procedures, each photograph had -

four hash marks corresponding to the four cardinal directions. A

line was drawn on the photograph connecting the E-W has marks,

dividing the canopy into a north one-half and south one-half. After

placing the dot grid over the photograph, the three circles repre-

senting the cones of interest were concentricly aligned with their

centers corresponding to the photograph center. The dots in the south

one-half of each cone that did not fall on the vegetation were counted.

By dividing each count by the total number of dots in the correspond-

ing half circle, a percent open canopy was obtained; this was

subtracted from 100 percent to get the south one-half canopy closure

for each of the three circles.

Elevation. The degree to which elevation affects snow

accumulation and melt is quite variable. Theoretically, greater

amounts of snowfall accumulate and reduced melt rates occur at higher

elevations due to the lower temperature. Generally, a considerable

spread in the minimum and maximum elevation is necessary to realize a

difference in snowpack water equivalent due to elevation. On the

North Fork of Thomas Creek, extremes in elevation are 8,400 
feet and

9,150 feet. Whether this spread was enough to cause differences 
in

snow distribution was examined.

Timber. As mentioned earlier, the vegetative properties 
of

the watershed are currently the only factors 
that lend themselves to

manipulation for the alteration of snowpack distribution. 
Two methods

were used to index forest density at each plot. The 
first was BA,
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which was available from most timber inventories. The second was crown

closure, which was developed independently of the BA. One of the major

problems with analyzing snowpack distribution is the multiple effect

of the forest. Anderson et al. (1958) used general hemispherical

cover, the portion of the sky obscured by trees, to index longwave

radiation and snowfall interception. Although they used a different

technique to quantify the vegetation, the same principles apply.

Therefore, for this analysis, BA and crown closure were used to index

(1) longwave radiation balance between forests, snow and the sky, and

(2) snowfall interception.

The timber data for the North Fork of Thomas Creek were

originally described in terms of number of stems of each species by

individual plot. Tallying only stems greater than or equal to 7.0

inches DBH, the BA by species on each plot was determined.

One of the considerations in this study was to determine if

the snowpack distribution was a function of the different tree

species. By graphically plotting WEQ against BA, one noticeable

difference in tree species was observed. The snowpack on plots that

contained large percentages of aspen reacted differently than the

rest of the plots. For this reason, BA with and without aspen

included were tested for their effects on snow accumulation and melt.

The second technique to index the timber was through general

canopy closure, which was determined using the same methods applied

to the south one-half canopy closure. The same three cones of

interest, 60-, 90-, and 180-degree cones, were used in conjunction
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with a 64-dot-per-square-inch overlay. The three cones corresponded

to overhead canopy areas of 27, 50 and 100 percent, respectively. For

experimentation purposes, a density slicer was used to determine

canopy closure when applied to the 180-degree cone. A density slicer

is a machine used for scanning photographs and integrating areas of

similar light intensities as directed, i.e., vegetation, sky area, etc.

The purpose of this comparison was to see how closely the dot grid

method and the density slicer method agree in estimating crown closure,

and how similar the two methods are in indexing snow WEQ present on a

plot as a function of crown closure. The utility of the canopy

camera technique would be greatly enhanced if the density slicer

could be applied to such photographs.

Statistical Methods 

Objective 1 concerned describing a snowpack measured in

Arizona mixed-conifer. Three basic snowpack characteristics, water

equivalent, depth and density, were presented for each of the seven

snowpack measurements. To help describe the snowpack, sample mean (i),

sample variance (s 2) and the standard error of the mean x
)were

presented with each of the three snowpack characteristics.

The second objective pertains to the development of empirical

relationships between snowpack characteristics and inventory-prediction

variables. As was evident from the previous section, numerous

potential inventory-prediction variables were developed. Regardless

of whether the relationships are for prediction purposes or to relate
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physical processes to snow distribution only, the best representatives

of each physical process were necessary. The final decision as to

which variables should be utilized depends somewhat on the purpose of

the equation. If the equation is for strictly the purpose of

prediction, those variables contributing little to the explained

variances are eliminated. But, if the purpose of the equation is to

explain the relationships among physical factors, variables will be

retained at a considerable cost in simplicity of the model (Anderson

1967a).

The equations developed in this study were based on one year

of data; therefore, to use them as predictors for quantitative

purposes may be risky. The equations are predictive in the sense that

quantitatively one site can be predicted to have more or less snow

than another site. Such a determination is only for the purpose of

relating and describing different plots in terms of previously

defined variables as they relate to snow accumulation and melt in an

Arizona mixed-conifer.

The eleven potential independent variables representing

insolation, elevation and vegetation were:

Insolation
Potential solar beam insolation 	

Sunlight factor 	

1
1

South one-half canopy closure
60-degree cone of interest 	 1

90-degree cone of interest 	 1

180-degree cone of interest 	 1

Terrain
Elevation 	 1
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Timber
Basal area 	  1
Crown closure

	

60-degree cone of interest 	  1
	90-degree cone of interest 	  1
	180-degree cone of interest 	  1

Density slicer 	  1

Total	 11

This list does not include the transformations that were used to find

the best relationships between the dependent and independent variables.

To reduce the number of potential variables, simple linear

regressions were performed between the 60-, 90-, and 180-degree cones

of interest for both south one-half canopy closure and total canopy

closure and each of the dependent variables, i.e., percent of maximum

WEQ and the storage-duration index. To avoid getting lost in a sea of

variables, only the cone with the highest simple correlation coefficient

(0 was retained for further analysis.

Using the remaining variables, i.e., elevation, BA, etc., and

the best representatives of the south one-half canopy closure and the

total canopy closure, transformations were applied to the data and

simple correlations were performed. The three transformations

performed were (Ffolliott 1970):

Y = f (1/x)

Y = f (x
2
)

Y = f (log x)

Again, to eliminate some of the variables, tests of significance and

differences were applied to the (0 values.
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The criteria used in selecting variables were solely to reduce

their numbers to a manageable group. If more than one transformation

of each variable was significant and there was no difference between

them, the two forms with the highest (r) values were retained. If

only one transformation was significant, it was retained.

Stepwise regression techniques were employed to further reduce

the number of variables retained at that point. To develop the final

equations, multiple regression techniques were applied (Steel and

Torrie 1960, pp. 277-289, Freese 1967). The standard error of the

estimate (s	 ) and the multiple coefficient of correlation (r) werey.x

computed for each multiple regression equation.

A level of significance of 0.10 was used for all statistical

tests in this study.



RESULTS AND DISCUSSIONS

Snowpack Data Summary 

Six complete and one incomplete snowpack measurement on the

North Fork of the Thomas Creek was made during the 1973-74 winter

season. The accumulation phase during the 1973-74 winter season was

quite short with peak accumulation occurring January 12. One day

occurred during this period in which all 93 sample plots were measured.

The melt period lasted over two months with the final measure-

ments taken on April 6 when only 29 percent of the watershed was snow

covered. Much of the remaining snowpack probably persisted for a

longer period as it was on well shaded plots. Snowfall occurred

throughout the melt period, but often persisted for only a short

period of time. The March 22 snowpack measurements were taken shortly

after a snow storm which accounted for a rise in areal snow coverage

from 47 to 76 percent. Two weeks later on April 6 the areal snow

coverage was reduced to 29 percent.

A summary of the basic data to satisfy 
objective 1 includes

the measurement date, the number of points 
measured on each date (n),

and the percent areal coverage of the watershed by 
the snowpack

(percent cover). The sample mean (g), sample variance 
(s

2) and

standard error of the mean (s_) are given to describe 
the following:

snow depth in inches (d), snowpack water equivalent 
in inches (WEQ)

and snow density in grams cm
-3 (p) (Table 4).
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Table 4

Summary of Snowpack Data for the 1973-74
Winter Season on the North Fork of Thomas Creek

Date n
Percent
cover Statistic WEQ d P

1/6 45 100
R 1.54 10.96 0.14

s_ 0.12 0.33 0.01

s2 0.66 4.81 0.01

1/12 93 100
R 2.93 15.40 0.19

sR
0.08 0.30 0.01

s 2 0.64 8.28 0.01

2/16 93 72
2.02 6.07 0.35

s_ 0.16 0.53 0.01

2
s 2.42 26.20 0.01

3/2 93 63
2.09 4.31 0.36

s_ 0.16 0.50 0.01

s2 2.45 22.80 0.01

3/16 93 47
1.18 2.79 0.42

s 5z 0.17 0.48 0.04

s 2 2.84 21.20 0.06

3/22 93 76
1.49 3.64 0.32

s_ 0.14 0.43 0.02

s
2 1.75 17.20 0.02

4/6 93 29
3? 0.40 1.07 0.38

sx
0.11 0.29 0.02

s
2 1.15 7.63 0.01

37
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Forest-Terrain-Snow Relationships 

The development of empirical relationships between snowpack

characteristics and inventory-prediction variables was necessary to

fulfill objective 2. A format similar to the preceding sections,

separated in terms of the variables, was adhered to. Relationships,

qualitative and/or quantitative, between the percent of maximum WEQ

and the independent variables for the accumulation and melt phases

were discussed. The last relationship considered was between the

storage-duration index and its associated independent variables.

The snowpack accumulation and melt phases were associated with the

field measurements taken on January 12 and February 16, respectively.

The storage-duration index was represented by the sum of the January

12, February 16, and March 2 measurements. The results for the 
other

measurement dates are presented in the appendix.

Insolation

Potential solar beam radiation. Although the potential solar

beam radiation has been quantified in units of 
energy, it was actually

an index of the terrain features, slope and aspect. The 
choice of

category was arbitrary as this term could have 
been included under the

terrain variables. But, since this index 
was measured in units of

energy, it was classified under the insolation section.

Of the four transformations of potential solar beam 
radiation

represented during the accumulation phase, the inverse 
form was found

to possess the only significant correlation with 
percent of maximum
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WEQ present. The correlation coefficient (0 was the second highest

of all the independent variables tested during the accumulation phase.

Applying the criteria for retaining variables for further analyses,

the inverse was the only form that qualified. The negative (r)

value indicates decreasing snowpack accumulation with increasing

energy inputs. This relationship is best observed by examining the

high energy south-facing slopes or the "warm sites" and the low energy

north-facing slopes or the "cool sites." Haupt (1951) in Idaho and

Ffolliott and Thorud (1972) in Arizona found that in ponderosa pine

forests, greater amounts of snow accumulated on cool sites as opposed

to warm sites. In a western white pine forest, snow accumulation

increased with a change from 165 degrees clockwise around to 11

degrees azimuth (Packer 1960); the increase differed greatly depending

on the elevation, but at 5500 feet, the increase was 18.8 inches WEQ.

Garstka et al. (1958), working in the high altitude lodgepole pine

and spruce-fir forests of Colorado found the snowpack WEQ on the
 north

facing slope to be 12.1 percent greater than the south-facing slope.

During the melt phase, potential solar beam 
radiation was

found to have the highest correlation with 
percent of maximum WEQ of

all the independent variables. All transformations of 
this variable

were significant. Therefore, the two highest correlations, 
the

linear (r = -.603) and squared form (r = -.631), 
were retained.

Again, the results of this study were 
consistent with previous

studies that reported decreased amounts of WEQ 
present with increased

solar radiation exposure. In a western white 
pine forest in Idaho,
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melting began sooner on southerly aspects than on northerly aspects

due to greater direct solar radiation (Packer 1971). Garstka et al.

(1958) found that even in high elevation spruce-fir forests in

Colorado, snow on the south-facing slope disappeared faster than on

the north-facing slopes.

The rate of snow depletion, given by aspect and divided into

plots less than and at least equal to 8800 feet, is illustrated in

Figure 6. The effect of aspect was evident as the low energy east

aspect retained the snowpack for a longer period of time than the

high energy south aspect.

The storage-duration index reacted in a manner similar to the

melt phase. All transformations of the independent variable were

significant. Therefore, the two forms with the highest correlation

coefficients, the linear (r = -.614) and squared form (r = -.622),

were retained . Ffolliott (1970) found a correlation coefficient of

-.525 between the storage-duration index and 
potential solar beam

radiation.

The storage-duration index for this study was composed 
of

three measurement dates, of which one occurred during 
the accumulation

phase and two occurred during the melt 
phase. For this reason, the

reaction of this index in a manner similar to 
the melt phase variables

is not totally unjustified.

Sunlight factor. The "sunlight factor" was the second

technique used to index the effect of 
solar radiation on snowpack

distribution. This method involved 
more site factors than the
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potential solar beam radiation method and was much more complex in

terms of applicability. The extra degree of inconvenience was over-

looked, since this study was for exploratory purposes.

The simple regressions performed between the percent of

maximum WEQ and the sunlight factor transformations for the accumula-

tion period determined that only the logarithmic form was significant.

The sunlight factor was used to index the actual insolation reaching

the plot. The negative (r) value associated with this relationship

was anticipated, indicating as the actual insolation increased, the

WEQ on the respective plots decreased.

During the melt period three of the four forms of the

independent variables were significant and the (r) values were 
four

times greater for the melt phase. The two highest correlation

coefficients were the linear (r = -.603) and logarithmic 
transforma-

tion (r = -.580).

The high negative correlations during the 
melt phase and the

low correlations during the accumulation phase were 
consistent with

other studies showing that energy derived from insolation 
is much

more dominant during the melt phase than 
the accumulation phase

(Anderson and Pagenhart 1957).

The storage-duration index 
again reacted similarly to the

melt phase. The linear (r = -.531) and 
logarithmic forms (r = -.536)

were the best correlations.

South one-half canopy closure.
 The final technique employed

to index solar radiation 
was south one-half canopy closure, which was
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the amount of shade cast on the plot by the south one-half of the

vegetative canopy. First, which south one-half of the three cones

of interest, i.e., 60-, 90-, 180-degree, had the greatest effect on

the amount of snow present on each plot was determined. To do so,

simple regressions between dependent variables and the vegetation in

the south one-half of each of the three cones were developed.

During the accumulation phase, none of the relationships were

found to be significant. Again, the melt period and storage-duration

index had similar results, with all three cones for each found to have

significant (r) values. Applying the criteria previously established,

only the 180-degree cone which had the highest (r) value was retained.

The transformations of the 180-degree cone during the melt

phase and for the storage-duration index were all significant; but,

only the forms with the two highest (r) values were retained. These

were the linear and squared forms during the melt phase and the linear

and logarithmic forms for the storage-duration index.

Terrain

Elevation. One of the questions asked at the beginning 
of

the study was whether the range in elevations 
on the watershed from

8400 feet to 9150 feet was great enough to have an 
effect on snowpack

distribution. Previous studies have shown significant 
changes in

accumulation and melt over a wide range of elevations.

During the accumulation phase, Packer (1960) 
found an increase

in snowpack accumulation of 30 inches from elevations 
of 2700 feet to
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5500 feet in a white pine forest in the Rocky Mountains of Northern

Idaho. In a mixed-conifer forest on the Colorado Front Range, the

snowpack WEQ increased 5.04 inches per 1000 feet (Meiman, Froehlich

and Dils 1968), while Anderson (1963) found an increase of 2.2 inches

per 100 feet rise in elevation in the Sierra Nevada Range in Califor-

nia. Depending on the elevational range, topography and storm

patterns, a high variability in snowpack accumulation is realized.

In this study, elevation was found to have no effect on

snowpack accumulation patterns. The (r) values of the simple

regressions between percent of maximum WEQ and the transformations

were all non-significant.

There are several reasons why elevation may have appeared to

have no effect on snowpack accumulation. The first and most obvious

was a lack of elevational differential. Secondly, the presence of

varying quantities of energy inputs and BA at each plot may have

masked any noticeable changes due to elevation.

Although not always evident, elevation can have an effect on

snowpack melt patterns, caused primarily by a reduction of 
temperature

at higher elevations and a corresponding decrease in snowmelt rates.

Anderson (1963) reported that between elevations of 6800 
feet and

8600 feet in the central Sierra Nevada Mountain 
Range in California,

snowmelt was 0.4 inches of water per month greater with 
a decrease of

100 feet in elevation. Packer (1971) found that 
in the Rocky Mountains

of northern Idaho, each increase of 100 
feet delayed spring snowmelt

1.2 days.



In this study the relationship between percent of maximum WEQ

and elevation was very poor during the melt phase, thus concluding

that elevation had virtually no effect on snowpack melt patterns.

But, the curves displayed in Figure 6 indicate that elevation might

have played a role in the timing of snowmelt. The upper half of each

slope retained a greater percentage of snow cover than the lower

half for a given aspect, indicating an elevational influence,

probably due to a temperature lapse rate with increased elevation.

The (r) values for the simple regressions between the

storage-duration index and elevation were also non-significant.

Timber

In terms of management for the purpose of altering snowpack

quantities, timber is the most important factor, not necessarily

because of an overbearing effect it may or may not have on snowfall

distribution, but because it is the only variable that can be altered

by man. This study quantifies timber using two methods: 
(1) the

commonly accepted BA term and (2) canopy closure. The former 
method

was further reduced to BA with and without aspen to see if 
this

species affected snow distribution.

Basal area. The first step in analyzing the 
effect of timber

density on snowpack accumulation 
was to determine whether BA with or

without aspen had the greatest influence. Simple 
regressions

involving percent of maximum WEQ and BA 
without aspen proved to have

a significant (r) value (r = -.225) while 
BA with aspen was found to

45
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be non-significant. Again, simple regressions were performed between

percent of maximum WEQ and transformations of the significant BA to

determine the best relationship. The logarithmic and linear forms

were retained by virtue of having the two highest (0 values. The

logarithmic forms of BA had the highest (0 value of all the independ-

ent variables tested for the accumulation phase.

The (0 value possessed negative signs, indicating as the

timber density increased, the snowpack decreased, which was consistent

with other plot studies done in natural forest settings (Kittredge

1953, Ffolliott and Hansen 1968), indicating that precipitation

interception was the dominant process performed by the timber during

the accumulation phase.

One other interesting relationship, the dominance of BA without

aspen, was conceived during the accumulation period analysis. This

revelation has some physical basis, since one function of the timber

during the accumulation phase was precipitation interception. Aspen,

a deciduous tree, was in a leafless form during the winter 
and, thus

had very little horizontal surface area with which to intercept falling

snow. For this reason, the inclusion of aspen in the BA 
had a

distorting effect, which was born out by the fact that 
the BA without

aspen had a better relationship with snow accumulation 
than BA with

aspen.

During the melt phase, the 
same procedure was followed. First,

which of the two forms of BA had the 
best relationship with snow melt

was determined. The simple regressions relating 
percent of maximum
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WEQ with both forms of BA showed that only BA with aspen was

significant (r = -.230). The transformations indicated that the

linear and squared forms of BA provided the two highest (r) values.

The (0 values had positive signs associated with them, which

indicated as the BA increased, the WEQ increased. Thus, the effect

of the aspen was reversed during the melt phase as opposed to the

accumulation phase. Upon a cursory examination, the easiest

explanation was to conclude that back radiation from the aspen was

prevalent and contributed to the snowpack melt. By further examining

the signs of the correlation coefficients, the relationship showed

increasing snow presence with increasing BA, nullifying the theory

that the additional aspen contributed back radiation and enhanced

melt rates. Thus concluding that shading of solar radiation

produced by the limbs and boles of the aspen trees inhibited melting

of the snowpack. These findings are consistent with Kittredge (1953),

working in the ponderosa pine-sugar pine-fir 
zone of the central

Sierra Nevada Mountain Range of California, in which he concluded

snowmelt rates were lowest in the heavily shaded forest areas.

Packer (1971) found in a white pine forest in northern 
Idaho the

greatest influence of the forests on melt was 
the shade provided.

The storage-duration index 
again followed closely the reactions

of the melt period. The BA 
with aspen was found to be significant

while the BA without aspen was not. The 
linear and logarithmic forms

of this independent variable had the 
highest (0 values.
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Total canopy closure. The second method of indexing the

vegetation present, and the last of the independent variables, was

total canopy closure. As in the method of south one-half canopy

closure, the first step was the employment of simple regression

techniques to determine the proper cone of interest.

During the accumulation phase, none of the three cones of

interest proved to be significant; this was similar to the reaction

of the south one-half canopy closure during the same period.

All simple regressions between the percent of maximum WEQ

for the melt period and the cones of interest were significant, but

only the 180-degree cone, which had the highest (r) value, was

retained. Transformations applied to the 180-degree cone indicated

that the linear and inverse relationships were the strongest.

The results for the storage-duration index were again similar

to the melt phase. The linear and inverse relationships were retained

for further analyses.

Density slicer. As discussed during the development of the

variables, a density slicer was used to determine crown closure from

the canopy photographs. This technique was for experimental

purposes only; therefore, only the canopy closure in the 180-degree

cone was analyzed to see how closely the dot counting method compared

with the density slicer. A t-test (Steel and Torrie 1960, Chapter 5)

was performed to see if there was significant difference in the 
two

methods. Using the results of the test, there was found to be 
a
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significant difference in the two techniques in determining crown

closure. The density slicer consistently estimated closure to be

10-15 percent less than the dot method.

The two methods were compared to determine if they had a

similar effect in terms of predicting snow distribution. During the

accumulation phase, the (r) values between percent peak accumulation

and crown closure using both techniques proved to be very small and,

consequently, nothing conclusive was found. For the melt phase and

storage-duration index, the two techniques proved to be significant

with no statistical difference between them. One of the major

adversities to using the canopy camera was the tedium of a dot grid

method to quantify the data. The density slicer could prove to be

a vital asset in the application of photographs to the quantification

of indices for the land manager.

Composite Equations

Through the use of simple correlation coefficients and the

predetermined criteria for their retention or deletion, the 
number of

independent variables was substantially reduced. There still

remained a considerable number of variables 
representing each physical

process, however. For example, the influence of 
timber during the

melt phase was represented by the linear 
and squared forms of BA and

the linear and inverse forms of total 
crown closure. To reduce these

four forms to the one 
best representative, step-wise regression

techniques were employed. This technique 
orders the variables entered
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into an equation with regard to their significance in relation to the

dependent variable.

After the selection of the best representative of each

physical process, multiple regression techniques were employed to

develop equations containing several variables. The multiple variable

equations were necessary to present a more realistic relationship

between the interactions of the physical processes.

There were two sets of equations in total, each with repre-

sentatives of the accumulation and melt phases and the storage-duration

index. Each equation included the multiple correlation coefficient

(r) and the standard error of the estimate in inches of WEQ (s	 ).y.x

Equations for the remaining measurement dates can be found in

Appendices A and B.

The first set of equations was presented to describe as

completely as possible the physical processes at work. Examined for

inclusion in these equations were representatives of insolation,

terrain and timber.

Accumulation:

(1) Î l = 91.1 - 14.7 LG(X3) - 4.58 LG(X2 ),

r = .327	 s y.x = 1.70

Melt:

(2)22 = 76.5 - 7.78(10-5 ) x - 0.18 X2 ,

sr = .708	 = 2.07
y.x
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Storage-Duration:

(3) Î3 = 160.0 - 7.12(10-2 ) X1 - 12.0 LG(X2 ),

r = .671	 s	 = 1.71y.x

where 1 = percent of maximum WEQ for January 12.

Y 2 = percent of maximum WEQ for February 16.

= percent of maximum WEQ for the summation of
January 12, February 16 and March 2.

XI = potential 
direct beam radiation in Langleys per

day.

X2 = sunlight factor in Langleys per day.

X3 = 
BA in square feet without aspen included.

The accumulation period provided the poorest results in terms

of explaining the variability of the dependent variable. The BA

explained a major portion of the variability, with the sunlight factor

providing the only other significant variable. These variables are

influenced by the quantity and position of the vegetation present.

The BA is a direct measure of the timber and the sunlight factor 
is

the duration of the sun's direct beam on the plot.

The dominance of the vegetation was inconsistent with several

previous studies in which forest effects proved to be 
the least

significant and elevation effects to be the 
most significant during

the accumulation phase (Anderson and Pagenhart 1957, Packer 1960).

The fact that vegetation proved to have the 
greatest effect on snow

accumulation has management implications, as 
vegetation is the only

alterable variable available to 
the land manager.
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During the melt period and for the storage-duration index,

the potential insolation alone explained 40 percent and 37 percent of

the variability, respectively. These results were consistent with

Anderson and Pagenhart (1957), who also found solar energy to be the

most significant variable during the melt period. The sunlight factor

was the second most influential variable. Again demonstrating the

presence of timber as an influencing factor in snowpack distribution

patterns.

One effect which appeared to be rather consistent throughout

the winter was the nonsignificance of elevation. As explained

previously, either the topographic difference was not great enough to

cause an apparent effect or the effect was masked by the presence of

varying amounts of vegetation and solar radiation.

The final set of equations included only variables that were

readily available to the land manager. The inputs necessary to develop

the variables were terrain features, i.e., slope, aspect, and elevation,

and the timber measurement in BA. Such descriptive data were

available on a plot basis from multiple-use inventories.

Accumulation:

(4) = 84.7 - 13.9 LG(X),

r = .273 s 	=2.95y.x

Melt:

(5) i2 
= 80.5 - 1.13(10-4 ) X,

r = .631 s 	=5.18y.x
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Storage-Duration:

(6)
3 = 96.7 - 9.46(10 -5 ) X,

r = .613 s 	=3.27y.x

where Î1 = percent of maximum WEQ for January 12.

X = percent of maximum WEQ for February 16.

3 = percent of maximum 
WEQ for the summation of

January 12, February 16 and March 2.

X1 = potential 
direct beam radiation in Langleys per

day.

X3 = BA in square 
feet without aspen included.

During the accumulation period, timber remained the dominant

variable. Although the sunlight factor was not included, the physical

processes exhibited by this variable cannot be denied. The importance

of a shading effect from the south exposure of the plot may still be

considered when evaluating the BA term. The influences of these terms

are not independent of each other and should be considered concurrently.

The most dominant variable during the melt phase was potential

direct beam radiation, which represents the interaction of the slope

and aspect and from a management standpoint is unalterable. But,

again, the knowledge that the sunlight factor was a significant

variable in the previous set of melt equations cannot be disregarded.

The storage-duration index reacted similarly to the melt phase.

These ideas are further developed in the discussion on management

implications.
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Management Implications

The development of these physical relationships was for the

purpose of understanding the processes involved in snowpack

distribution. A thorough understanding of the processes is necessary

to the development of land management techniques to fulfill given

objectives. In the central Sierra Nevada Mountain Range, Anderson

(1970) used the results of plot studies to develop a "wall and step"

forest cutting pattern to increase snowpack accumulation and delay

melt. At Wagon Wheel Gap, Colorado, winter observations began over

20 years ago to determine relationships between snowpack WEQ and

vegetative types and natural forest openings (Bates and Henry 1928,

Martinelli 1964). The next step was to apply the knowledge gained from

these observations through forest management techniques on 5-acre

plots. The final step was the implementation of these results to an

entire watershed. In both cases, an understanding of the forest-

terrain-snow relationships was input to a prescription for the altera-

tion of snowpack water yields.

Several timber cuttings have been performed in mixed-conifer

forests throughout the United States and Canada in an effort to

alter snowpack accumulation and melt. The large numbers of such

projects make a discussion of each prohibitive. Instead, the locations

of some of the major sites are presented for those who wish further

information.
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The two most studied areas have been in the central Sierra

Nevada Mountain Range, California (Anderson 1963) and Fraser,

Colorado (Love 1960, Love and Goodell 1960). On the west slopes of

the Cascades in Oregon and on the east slopes of the northern Rocky

Mountains in Alberta, Canada, treatments have been reported by

Rothacher (1965) and Stanton (1966), respectively. In Arizona,

cutting prescriptions in mixed-conifer were applied in the central

part of the state (Rich 1965). A general summary of many cutting

operations to alter water yields throughout the United States without

regard to forest type is presented by Hibbert (1967).

Depending upon the desired end result, i.e., increased snow

accumulation, delayed melt, etc., a different land management plan

is prescribed. In Arizona, there are several different theories as

to the best technique to increase water yield through vegetative

manipulation. Most are in agreement that, to increase snow water

runoff, the snowpack accumulation must be increased. The discrepancy

is encountered when considering which technique is best for removal

of the snowpack, either a long gradual release of the water or a

technique of synchronized snowmelt to try to reduce the runoff

period, thus reducing water loss in transport. The final objective

of this study was not to develop a panacea to this problem, rather

to make suggestions concerning snow distribution patterns from results

of the study.

The following are suggestions concerning the snowpack

distribution in relation to the physical process in an Arizona mixed-

conifer forest:
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1. During the accumulation period, the results showed that the

two most important variables were (1) timber density in BA

and (2) shading of the sun's direct beam radiation by

vegetation. There was a statistically significant increase in

snowpack accumulation with decreasing timber density and

shading of the sun's direct beam. Using these two pieces of

information in conjunction with the fact that the north slope

had 3.3 inches WEQ at peak and the south slope had 2.8 inches

WEQ, certain suggestions can be made.

A reduction of BA will increase snow accumulation, but also

tend to increase the admittance of sunlight to reduce the WEQ

of the snowpack. On the north slope, this does not create a

problem since the ground surface is often not exposed to

direct beam radiation. On the remaining slopes, the forest

density should be reduced in such a way that the residual

timber creates as much shade as possible in the open areas of

high potential snowpack accumulation. Such a situation can

be developed through the creation of smAll openings or

through properly oriented cut strips.

2. Potential insolation and the sunlight factor proved to be

significant during the melt period. The potential insolation

was an index of slope and aspect positions and the sunlight

factor indexed insolation reaching the point as affected by

timber placement to the south of the plot. These findings
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indicate the importance of aspect in terms of land management

and that certain portions of the watershed should be managed

as separate entities. As the azimuth progressed from north

to south, the melt rate of the snowpack was increased. The

central measurement date of the melt period, March 16, showed

the north slope contained 2.7 inches WEQ and the south slope

contained 0.5 inches WEQ. As for the effect of timber shading,

this will also depend on the aspect. On the north aspect,

little control over melt rates can be achieved through

vegetation manipulation. The east, south and west aspects

have more potential in terms of altering melt rates. The

exact management technique imposed on the vegetation will

depend on the ultimate end product desired in terms of snow-

melt runoff. Hansen and Ffolliott (1968) suggested a timber

management technique to synchronize the snowpack runoff from

the various slopes of a watershed. Anderson (1963) discussed

treatments to extend the melt period over a longer period of

time.

3. The storage-duration index was evaluated on a plot basis to

determine which plots gave the desired snowpack character-

istics. Large initial snow accumulation and slow melt rates

should yield the highest index, while low initial accumulation

rates and high melt rates should yield a low index. Sample

plots yielding the two highest and two lowest storage-duration

indices with their associated plot characteristics are

presented in Table 5.



Table 5

Plots and Associated Site Characteristics
of the Two Highest and Lowest

Storage-Duration Indices

Storage-	 BA	 BA
duration	 Peak	 with	 w/o

Plot	 index snowpack aspen aspen elevation slope	 aspect

inches	percent sq.ft. sq.ft.	feet	percent

19 16.5 100 50 50 8450 10 NE

17 14.5 88 50 0 8650 50 N

62 1.0 1 125 125 8900 30 S

97 1.0 1 250 250 8950 20 S
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The plot characteristics yielding the above storage-

duration indices were consistent with the overall study

results. The highest indices had the lowest BA, which

accounted for the high initial accumulation, and were found

on the cool, north-facing slopes which reduced melt rates.

The lowest storage-duration indices were associated with

high BA which was indicative of low accumulation. These two

plots were located on the warm, south-facing slopes which

induced high melt rates.

From a management standpoint, these provide a guide as

to the site characteristics needed to achieve a desired goal.

For the convenience of those readers who prefer the metric

system to the English system, a conversion table is presented in

Appendix C.
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CONCLUSIONS

If the rate of growth in Arizona continues on its present

course, the need for additional water will be undisputed. While the

future need for water may be a fact, the source of additional water

is not as well defined. One possible source for this water is

through the manipulation of vegetation to increase surface water

runoff.

This study has dealt with the evaluation of forest-terrain -

snow interrelationships on a plot basis in an Arizona mixed-conifer

forest. Although this forest type comprises only 0.4 percent of

the land area of the state, it contributes 6 percent of the total

surface runoff, or 10 times its proportionate share (Rich 
and

Thompson 1974). Experimental watersheds in Arizona have shown that

89-99 percent of this runoff is the result 
of snowmelt (Ffolliott and

Thorud 1974). For this reason, emphasis in the 
mixed-conifer

forests has been placed in snowpack management.

An evaluation of the data gathered during 
the 1973-1974 winter

season led to the following conclusions. 
During the accumulation

period, the two most dominant processes were (1) 
the interception of

falling snow by the overhead canopy 
and (2) the duration of the sun's

direct beam radiation on the plot. During 
the melt period, the two

most dominant processes were exposure 
of the plot as determined by
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(1) the slope and aspect and (2) the duration of the sun's direct

beam radiation on the plot. The presence of timber was involved in

three of the four most dominant processes during the entire winter

season. These findings, coupled with the fact that at present

vegetation is the only manageable variable on the watershed affecting

water yield, have management implications. Using this information as

input, the land manager can develop cutting prescriptions within a

multiple-use framework to yield the highest possible runoff.
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APPENDIX A

COMPOSITE EQUATIONS CONTAINING REPRESENTATIVES
OF THE PHYSICAL PROCESSES

FOR THE REMAINING SNOWPACK MEASUREMENT DATES

Date

March 2	 =• 68.0 - 7.72(10 -5 ) X 	 0.10 X2 ,

	

r = .659	 s	 = 1.97y.x

March 16 'Y =• 78.5	

632=

- 9.39(10 -5 ) X2 - 5.04(10-2) X2'1

s	 = 2.14r . y.x

March 22	 =• 49.0 - 4.73(10-5 ) X21 - 5.65(10-2) X2'

	r = .496	 s	 = 1.74y.x

April 6	 Y =• 34.8 - 3.64(10 ) X21 ,

	

r = .330	 s	 = 1.65y.x

where	 = percent of maximum WEQ for the 
specified date.

X1 = 
potential direct beam radiation in Langleys

per day.

X2 = 
sunlight factor in Langleys per day.
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APPENDIX B

EQUATIONS CONTAINING VARIABLES DEVELOPED
FROM A MULTIPLE-USE INVENTORY FOR THE
REMAINING SNOWPACK MEASUREMENT DATES

Date

March 2 Y\ = 71.0 - 9.75(10 -5 )	X,

r = .628	 sy.x 4.12=

March 16 Y\ = 80.7 -

	

(104)X,1,

r = .616	 sy.x = 4.66

March 22 = 50.4 - 5.86(10 -5 ) X2

r = .460	 sy.x = 3.14

April 6 = 35.72 - 4.28(10 -5) X2

r = .329	 sy.x = 2.72

where	 = percent of maximum WEQ for the specified 
date.

X1 = potential 
direct beam radiation in Langleys

per day.
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APPENDIX C

METRIC CONVERSION TABLE

Used	 Multiply by	 Metric equivalents 

1 inch	 2.54	 1 centimeter

1 foot	 0.3048	 1 meter

1 mile	 1.6093	 1 kilometer

1 acre	 0.4047	 1 hectare

1 degree F. - 32	 5/9	 1 degree C.

64



LITERATURE CITED

Anderson, H. W. 1956. Forest cover effects on snawpack accumulation
and melt. Central Sierra Snow Laboratory. Amer. Geophys.
Union Trans. 37(3):307-312.

Anderson, H. W. 1959. Water yield control through management in
snowpack watersheds. Proc. First Intersociety Conf. on
Irrig. and Drain. pp. 13-18.

Anderson, H. W. 1963. Managing California's snow zone lands for
water. U. S. Forest Serv., Pacific Southwest Forest and
Range Exp. Sta. Res. Pap. 6. 28 pp., illus.

Anderson, H. W. 1967a. Snow accumulation as related to meteorolog-
ical, topographic, and forest variables in central Sierra
Nevada, California. Int. Assoc. Sci. Hydrology. 78:215-224.

Anderson, H. W. 1967b. Watershed modeling approach to evaluation
of the hydrologic potential of unit areas. Int. Symp.

Forest Hydrology, Pergamon Press, New York. pp. 734-748.

Anderson, H. W. 1969. Storage and delivery of rainfall and snowmelt

water as related to forest environments. Proc. Third Forest

Microclimate Symp., Seebe, Alberta, 1969. pp. 52-67.

Anderson, H. W. 1970. Forest and meteorological influences on snow

and snowmelt water and their management. Proc. Jt. FAO/USSR

Int. Symp. on Forest Influences and Watershed Management,

Moscow, USSR. pp. 41-54.

Anderson, H. W., and T. H. Pagenhart. 1957. Snow on forest slopes.

Proc. West. Snow Conf. 25:19-23.

Anderson, H. W., R. M. Rice, and A. J. West. 1958. Forest 
shade

related to snow accumulation. Proc. West. Snow Conf.

26:21-31.

Anderson, H. W., and A. J. West. 1965. Snow 
accumulation and melt

in relation to terrain in wet and dry years. Proc. 
West.

Snow Conf. 33:73-82.

Barr, G. W., with associates. 1956. Recovering rainfall. Dept.

Agr. Econ., Univ. of Arizona, Tucson. 218 pp., illus.

65



66

Bates, Carlos G., and A. J. Henry. 1928. Forest and stream flow

experiment at Wagon Wheel Gap, Colorado, U. S. Monthly

Weather Rev., Suppl . 30, 79 pp., illus.

Berndt, H. W. 1961. Some influences of timber cutting on snow
accumulation in the Colorado front range. U. S. Forest

Rocky Mountain Forest and Range Exp. Sta. Res. Note 58.

illus.

Serv.,
3 pp.,

Brown, H. E. 1962. The canopy camera. U. S. Forest Serv., Rocky

Mountain Forest and Range Exp. Sta. Res. Paper 72. 22 pp.,

illus.

Brown, H. E., and D. P. Worley. 1965. Some applications of the 
canopy

camera in forestry. J. Forestry 63:674-680.

Church, J. E. 1912. The conservation of snow; its dependence 
on

forests and mountains. Sci. Am. Suppl. 74:152-155.

Clark, F. G. 1961. A hemispherical forest photocanopymeter.

J. Forestry 59:103-105.

Embry, R. S., and G. J. Gottfried.
mixed conifer species. U.
Forest and Range Exp. Sta.

1971. Basal area growth of Arizona

S. Forest Serv., Rocky Mountain

Res. Note 198. 3 pp.

Ffolliott, P. F. 1970. Characterization 
of Arizona snowpack dynamics

for prediction and management purposes. Unpubl. Ph.D.

dissertation, Univ. of Arizona. 171 pp., illus.

Hansen. 1968. Observations of snowpack

and runoff on a small Arizona watershed.

Rocky Mountain Forest and Range Exp.

7 pp., illus.

Ffolliott, P. F., and D. B. Thorud. 1972. Use of 
forest attributes

in snowpack inventory-prediction relationships 
for Arizona

ponderosa pine. J. Soil Water 
Conserv. 27(3):109-111.

Ffolliott, P. F., and D. B. Thorud. 1973. 
Describing Arizona

snowpacks in forested condition 
with storage-duration index.

Prog. Agric. Ariz. SSV(1):6-7.

Ffolliott, P. F., and D. B. Thorud. 1974. 
Vegetation management

for increased water yield in Arizona. 
Univ. of Arizona Ag.

Exp. Sta. Tech. Bull. 215. 38 pp., illus.

Fischer, W. C., and C. E. Hardy. 1972. 
Fire-weather observers

handbook. U. S. Forest Serv., 
Intermountain Forest and Range

Exp. Sta. 152 pp., illus.

Ffolliott, P. F., and E. A.
accumulation, melt,
U. S. Forest Serv.,
Sta. Res. Note 124.



67

Fons, W. L., H. D. Bruce, and A. McMasters. 1960. Tables for
estimating direct beam solar irradiation on slopes at 30° to
46° latitude. U. S. Forest Serv., Pacific Southwest Forest
and Range Exp. Sta. 298 pp., illus.

Frank, E. C., and R. Lee. 1966. Potential solar beam irradiation
on slopes. U. S. Forest Serv., Rocky Mountain Forest and
Range Exp. Sta. Res. Paper 18. 116 pp., illus.

Freeman, T. G. 1965. Snow survey samplers and their accuracy.
Proc. East Snow Conf. 12:1-10.

Freese, F.
U.

Garn, H. S
ru

1967. Elementary statistical methods for foresters.

S. Dept. Agr. Handb. 317. 87 pp., illus.

. 1969. Factors affecting snow accumulation, melt, and
noff on an Arizona watershed. Unpubl. Master's thesis,

Univ. of Arizona. 115 pp., illus.

Garstka, W. U., L. D. Love, B. C. Goodell, and F. A. Bertle. 1958.

Factors affecting snowmelt and streamflow. U. S. Forest

Serv., U. S. Bureau of Red. 189 pp., illus.

Hansen, E. A., and P. F. Ffolliott. 1968. Observations of snow

accumulation and melt in demonstration cuttings of ponderosa

pine in central Arizona. U. S. Forest Serv., Rocky Mountain

Forest and Range Exp. Sta. Res. Note 111. 12 pp., illus.

Haupt, H. F. 1951. Snow accumulation and retention on ponderosa pine

lands in Idaho. J. Forestry 49:869-871.

Hibbert, A. R. 1967. Forest treatment effects on water yields. Int.

Symp. Forest Hydrol., Pergamon Press, New York. pp. 527-543.

Hoover, M. D. 1960. Prospects for affecting quantity 
and timing of

water yield through snowpack management in the southern

Rocky Mountain area. Proc. West. Snow Conf. 28:51-53.

Kittredge, J. 1953. Influences of forests on snow 
in the ponderosa-

sugar pine-fir zone of the central Sierra Nevada. Hilgardia

22:1-96.

Leven, A., and P. J. Stender. 1967. Comprehensive hydrologic

survey and analysis, Black River 
barometer watershed, Apache

National Forest. U. S. Forest Serv. Reg. 3. 78 
pp., illus. ,

List, R. J. 1968. Smithsonian meteorological 
tables. Ed. 6, rev.

527 pp. Washington, D. C.: Smithsonian 
Institution Press.



68

Love, L. D. 1960. The Fraser Experimental Forest; its work and aims.
U. S. Forest Serv., Rocky Mountain Foresit and Range Exp. Sta.
Sta. Paper 8. 16 pp., illus.

Love, L. D., and B. C. Goodell. 1960. Watershed research on the
Fraser Experimental Forest. J. Forestry 58:272-275.

Martinelli, M., Jr. 1964. Watershed management in the Rocky Mountain
alpine and subalpine zones. U. S. Forest Serv., Rocky
Mountain Forest and Range Exp. Sta. Res. Note 36. 7 pp.,
illus.

Meiman, J., H. Froehlich, and R. E. Dils. 1968. Snow accumulation in
relation to elevation and forest canopy. Presented at Fall
Meeting, Am. Geophy. Un., San Francisco, Calif., December,
1968. 8 pp.

Packer, P. E. 1960. Sub-terrain and forests effects on maximum snow
accumulation in a western pine forest. Proc. West. Snow Conf.
28:63-66.

Packer, P. E. 1962. Elevation, aspect, and cover effects on maximum
snowpack water content in a western white pine forest. Forest
Sci. 8:225-235.

Packer, P. E. 1971. Terrain and cover effects on snowmelt in a
western white pine forest. Forest Sci. 17(1):125-134.

Reifsnyder, W. E., and H. W. Lull. 1965. Radiant energy in relation
to forests. U. S. Dept. Agr. Tech. Bull. 1344. 111 pp.,
illus.

Rich, L. R. 1965. Water yields resulting from treatments applied to
mixed-conifer watersheds. Ninth Ann. Arizona Watershed
Symp. Proc.:12-15.

Rich, L. R., and J. R. Thompson. 1974. Watershed management in
Arizona's mixed-conifer forests; the status of our knowledge.

U. S. Forest Serv., Rocky Mountain Forest and Range Exp.

Sta. Res. Pap. 130. In print.

Rothacher, J. 1965. Snow accumulation and melt in strip cuttings

on the west slope of the Oregon Cascades. Pacific Northwest

Forest and Range Exp. Sta. Res. Note 23. 7 pp., illus.

Shiue, C. J. 1960. Systematic sampling with multiple random starts.

Forest Sci. 6:42-50.

Spencer, J. S., Jr. 1966. Arizona's forests. Intermountain Forest
and Range Exp. Sta. Resource Bull. 6. 57 pp., illus.



69

Stanton, C. R. 1966. Preliminary investigation of snow accumulation
and melting in forested and cut-over areas of the Crowsnest
Forest. Proc. West. Snow Conf. 34:7-11.

Steel, R. G. D., and J. H. Torrie. 1960. Principles and procedures
of statistics. McGraw-Hill Co., New York. 481 pp.

Wilm, H. G. 1948. The influence of forest cover on snowmelt. Amer.
Geophys. Union Trans. 29:547-556.


	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13
	Page 14
	Page 15
	Page 16
	Page 17
	Page 18
	Page 19
	Page 20
	Page 21
	Page 22
	Page 23
	Page 24
	Page 25
	Page 26
	Page 27
	Page 28
	Page 29
	Page 30
	Page 31
	Page 32
	Page 33
	Page 34
	Page 35
	Page 36
	Page 37
	Page 38
	Page 39
	Page 40
	Page 41
	Page 42
	Page 43
	Page 44
	Page 45
	Page 46
	Page 47
	Page 48
	Page 49
	Page 50
	Page 51
	Page 52
	Page 53
	Page 54
	Page 55
	Page 56
	Page 57
	Page 58
	Page 59
	Page 60
	Page 61
	Page 62
	Page 63
	Page 64
	Page 65
	Page 66
	Page 67
	Page 68
	Page 69
	Page 70
	Page 71
	Page 72
	Page 73
	Page 74
	Page 75
	Page 76
	Page 77

